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ABSTRACT This article presents a multi-disc coreless axial flux permanent magnet synchronous machine
(MDC-AFPMSM) with N pole and S pole type series magnetic circuit and open-end winding for high
reliability applications, such as small power actuator system. Firstly, the topology and driving modes of
MDC-AFPMSM are presented in details. In this article, a multi-objective optimization function is proposed
to design the machine with full consideration of various influence factors. The drive performance indexes of
four-phase, five-phase and six-phase machines are analyzed and discussed. Furthermore, main parameters
of the five-phase MDC-AFPMSM with open-end winding are calculated. In order to reduce the torque
ripple, the air gap magnetic flux is optimized. Finally, the operation characteristics under short-circuit
and open-circuit faults are fully analyzed based on the three-dimensional (3D) finite element algorithm.
Comprehensive simulation results and theoretical analysis have demonstrated that the open-end winding
MDC-AFPMSM has much stronger fault-tolerant ability in comparison to that of conventional machines.
INDEX TERMS Axial flux permanent magnet synchronous machine, coreless, fault-tolerance, multiobjective optimization, open-end winding.
I. INTRODUCTION

Electric actuator replaced traditional hydraulic mechanism
in the intelligent equipment and its use has been considerably increased during the last decades. The intelligent electric actuator of the power plant has enhanced reliability,
which ensures the rational working [1]. Similarly, the electric
actuator used in ships needs high reliability [2]. Therefore,
achieving the machine in the actuator with higher reliability, fault-tolerant and enhanced actuating qualities when the
actuator performs corresponding actions at critical moments
has become one of the main objectives. The fault-tolerant
machine can still maintain the required performance due to
high degree of control freedom when the machine system
breaks down. In addition, it also has the ability of fault isolation and suppression. Consequently, fault-tolerant machines
The associate editor coordinating the review of this manuscript and
approving it for publication was Shen Yin.
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have attracted more attention from experts coming from the
fields of aviation, aerospace, electric vehicles, and so on [3].
Although traditional fault-tolerant machines with iron
core are popular in the industrial systems, they have some
problems, such as cogging torque, magnetic field saturation,
nonlinear parameters, poor overload capacity, and poor drive
performance under fault operation. Therefore, improving
fault tolerance capability is one of the main targets by the
designers. The coreless axial flux permanent magnet synchronous machine (AFPMSM) has the characteristics of low
cogging torque ripple, low magnetic circuit saturation effect,
almost linear parameters, high peak torque, better overload
capacity and fast current response speed compared with
those of the traditional iron core fault-tolerant machines.
Furthermore, the multi-disc AFPMSM with fault tolerance
has better electromagnetic thermal physical isolation ability,
which can get superior fault tolerance ability during fault
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working states. According to the requirements of actuator
applications, multi-disc AFPMSM has significant overload
capacity, which can ensure that the machine can also provide
the necessary torque output in a short time after failure [3].
Therefore, the small power fault-tolerant AFPMSM would
unleash the potentiality of such machines in actuator.
Till now, fault-tolerant machines have one of the popular
topics in the field of electrical machines. In [3], authors
summarized main features of the fault-tolerant machines
as follows: (1) surface mounted structure, (2) large phase
inductance, (3) concentrated winding, and (4) only one phase
winding in each slot. In [4], electromagnetic performances of
the permanent magnet brushless machine with pitch winding
and full tooth winding were fully compared in this article.
The results showed that pitch winding machines were more
suitable for fault-tolerant operation because of its large selfinductance and small mutual inductance. A five-phase faulttolerant machine (20 slots and 18 poles) can get higher
self-inductance, zero mutual inductance, which can suppress
some short-circuit current effectively [5].
The fault-tolerant machine has the characteristics of electrical isolation, physical isolation, thermal isolation, magnetic
isolation, and short-circuit current suppression [6]. In [7],
authors presented one machine, in which each phase winding is excited by H-bridge power supply, separately. Hence,
this topology can get the electrical isolation between different windings effectively. For the motor with fractional slot
concentrated winding and stator core, the method of tooth
separation winding is also adopted. In this method, it can
make the windings of each phase not contact each other,
and meanwhile benefit fault-tolerant ability between different phases. Furthermore, the physical and thermal isolation
between windings can be realized by non-contact between
windings. Obviously, there is the natural isolation among
each winding, which can enhance the reliability of the electrical machine and drive system.
Open-end winding permanent magnet synchronous
machine (PMSM) has been widely used recently [8]. The
requirement of the capacity level of the inverter switching
devices is reduced, because both sides of the PMSM stator
wingdings are opened. The power is supplied by the bothside inverters during the operation. In addition, the openend winding machine system can be modulated by two-level
inverters at both ends of the stator windings to produce threelevel effect, which can further improve the machine drive
performance and make the control strategy more flexible [9].
There are two kinds of power supply structures about openend winding machines, i.e. common direct current (DC) bus
and isolated bus. The former is more widely used because of
its simple structure and low cost. Since the open-end winding
with common DC bus provides a zero sequence circuit for
zero sequence current flow, the common mode voltage and
zero sequence back-electromotive force (EMF) generated by
the inverter modulation will generate zero sequence current
in the machine winding, which would cause some torque
ripples [10].
VOLUME 8, 2020

According to the most recent development of AFPMSM
and fault-tolerant machine, there are many researches on
radial permanent magnet fault-tolerant machine, but few on
axial permanent magnet fault-tolerant machine [6]. The key
problems of the fault-tolerant AFPMSM are machine design
analysis and fault-tolerant control strategy. Moreover, the key
points and difficulties are related to fault detection, resection
and operation on the fault status. It is great theoretical and
realistic significance for the machine safe and reliable working operation.
This article proposes a fault-tolerant open-end winding
MDC-AFPMSM topology for the actuator, which is constrained by the structure, accuracy, reliability and cost. The
major contributions of this article are:
•

•

•

•

The topology about the machine is discussed and then
the redundant design of the stator winding is realized by
using the multi-disc laminated structure stator. The polyphase design can be realized by adding the stator and
rotor discs, various factors affecting the machine design
are fully analyzed.
A multi-objective optimization function considered the
performance, fault tolerance, processing cost, and drive
system complexity is proposed. It can determine the
phase number of MDC-AFPMSM.
Taking the case of open-end winding five phase MDCAFPMSM, main parameter design principle is presented
in this article, and key parameters of the machine are
calculated. Some basic performance indexes, including
the magnetic field distribution, back-EMF, and torque,
are analyzed.
Finally, the fault tolerance under winding short-circuit
and open-circuit faults are carefully studied.

Comprehensive simulation results based on 3D finite element algorithm and related analytical discussions are presented to study the drive performance and fault-tolerant ability of the MDC-AFPMSM.
II. TOPOLOGY DESIGN

The design of a MDC-AFPMSM for actuator needs to consider the characteristics of magnetic circuit, winding power
converter, and other factors. Different parts of the machine
are discussed in the following sections.
A. MACHINE STRUCTURE

The open-end wingding MDC-AFPMSM structure is shown
in Figure 1. Each stator armature winding of the machine
is made of epoxy resin, which is adopted open-end method
[12]. Although n sets of armature windings share a controller,
each set is driven by an independent driver. A set of armature
winding, the corresponding driver and auxiliary components
are called a redundancy.
The multi-discs rotors are adopted coaxial output.
As shown in Figure 1, N pole and S pole magnetic circuit
structure is adopted and the permanent magnets (PMs) are
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FIGURE 1. AFPMSM structure.

FIGURE 2. Main magnetic circuit.

glued in N pole and S pole pattern. The N and S poles of
the PM on both sides of rotor are opposite to each other. The
main magnetic circuit starts from one pole, passes through
the air gap and stator axially, then passes through the air
gap and the adjacent magnetic pole, and finally closes along
the rotor yoke, as shown in Figure 2. The magnetic circuit
forms an axial series magnetic circuit with the air gap and
the stator.
B. POWER DRIVER TOPOLOGY

Different from the traditional multi-disc machine drive topology, n sets of stator windings share a driver, but each set of
stator winding is driven by an independent driver. H-bridge
drive circuit is used, as depicted in Figure 3 [13]. Each phase
winding is operated independently. The machine with fault
tolerance can still work normally and reliably by removing
the fault channel when the winding happens short-circuit or
open-circuit faults. In order to increase the fault tolerance of
the machine, this article proposes that each phase winding is
composed of several winding discs. Furthermore, the winding
discs are the same phase. If one disc in the laminated winding
disc fails, the fault can be removed directly by fault-tolerant
mechanism, which can ensure the normal operation of the
remaining winding discs. Figure 3 shows each phase winding
is made up of two parallel winding discs, and each winding
disc is driven by an H-bridge inverter. However, the cost and
control complexity of the driver would be increased along
with the fault tolerance improvement [14].
C. MULTI-OBJECTIVE OPTIMIZATION

The MDC-AFPMSM design is same as the radial PMSM.
Various aspects are described in the following sections.
171746

FIGURE 3. Driver circuit.

1) BASIC PERFORMANCE

The rated torque, maximum torque, torque ripple and power
density should be considered during the design process. The
multi-disc machine is adopted to improve performance for
satisfying high power output and torque output. There is no
cogging torque in MDC-AFPMSM, so the curve of electromagnetic torque is smoothed. Moreover, the amplitude of
higher harmonic torque ripple is smaller, which reduces the
machine vibrations and noises. Hence, the poly-phase MDCAFPMSM can reduce the output torque ripple and improve
the power and torque output significantly.
2) FAULT TOLERANCE

The machine fault tolerance increases with the number of
phases. The traditional three-phase winding with star connection can not continue to work when one phase is out of order.
For MDC-AFPMSM, the remaining phase can ensure the
stable operation for a long time without stopping the machine
when one of these phases suffers fault.
3) PROCESSING COST

There are errors during the MDC-AFPMSM processing. With
the increasing number of discs, the cumulative error would
grow larger. It is necessary to improve the machining and
assembly accuracy. Therefore, the cost would increase with
the increase of the number of phases.
4) DRIVE SYSTEM COMPLEXIT

The poly-phase PMSM can reduce the space harmonic content and then harmonic torque can be decreased. However,
with the increase of the number of phases, the reduction of
harmonic torque is not obvious. On the contrary, the number
VOLUME 8, 2020
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FIGURE 4. Comparison and analysis of three machines: (a) flux density
and (b) back EMF THD.

FIGURE 5. Torque curves of the three motors.

of bridge arms of inverter circuit will be increased correspondingly, which makes the control circuit and drive circuit
much complex, and also affects the size of stator punching.
Therefore, reasonable phase number selection would become
one of the major works for the designers.
As mentioned before, the multi-objective function can be
written as follow:
Max {k1 f1 + k2 f2 + k3 f3 + k4 f4 }

(1)

where k1 , k2 , k3 , k4 are different weight coefficients respectively, f1 is the basic performance, f2 the fault tolerance, f3 the
processing cost, and f4 the drive system complexity.
D. OPTIMIZATION RESULT

The four-phase, five-phase, and six-phase machines are
selected in general for the feasibility of practical application [14]. As mentioned regarding the objective function before, the magnetic field intensity, no-load back-EMF,
torque and torque ripple of four-phase, five-phase and sixphase machines are analyzed and compared by simulation
analysis based on finite element algorithm.
Figure 4 (a) shows the air gap flux density waveform of
four-phase, five-phase and six-phase machines. The air gap
flux density fundamental amplitude of the three machines
is almost the same. The total harmonic distortion (THD) of
the air gap flux density of the four-phase machine is 0.38%,
and that of five-phase machine is 0.39%. Correspondingly
the maximum distortion rate of the air gap flux density of
six-phase machine is 0.42%, and that of five-phase machine
is the least. The THD of back-EMF about four-phase, fivephase and six-phase machines are observed, as depicted in
Figure 4 (b). Figure 4 (b) shows that the worst THD of the
back-EMF is 12.10% for four-phase machine, while 8.80%
for six-phase machine.
Figure 5 shows the torque characteristics and torque ripples. It is evident that the five-phase machine torque ripple
is the minimum (11.98%), which is lower than those of
four-phase and six-phase machines under the output torque
requirements, 26.19% and 20.67%, respectively.
According to the comparison and analysis of the above
and then considering the processing cost, the machining and
matching errors will be produced when the related parts of
VOLUME 8, 2020

FIGURE 6. Relationship between machining error and processing cost.

stator and rotor are processed. If just considering the machine
errors, the total cumulative error limit of the motor is 0.3 mm.
The four-phase machine is composed of nine stator and rotor
discs and two left and right end covers, each disc machining
accuracy is 0.027 mm. And then, the machining accuracy
of five-phase machine is 0.023 mm and that of six-phase
machine is 0.02 mm. Relationship between machining error
and machining cost is shown in Figure 6. 1 is the machining error and Q is the processing cost. The processing cost
improves along with the increase of phase number. If the
assembly error is considered, the cost would increase as the
phase number goes up.
As illustrated in Figure 6, the six-phase machine fabrication precision and cost are both the highest with assembly
and reliable operation prerequisite. However, the five-phase
machine cumulative error is comparatively smaller. Moreover, the THD of air gap flux density and back-EMF of fivephase machine is better, and the torque ripple of five-phase is
the least. The complexity of drive system is simpler than the
six-phase machine. Then, the five-phase machine is selected
for in-depth study with considering the objective function of
qualitative analysis.
III. FIVE-PHASE MULTI-DISC CORELESS AFPMSM
DESIGN

As mentioned above, this article takes five-phase open-end
winding MDC-AFPMSM as an example. First of all, the
topology is shown in Figure 7. Then the parameter design
principle is presented. The air gap flux density is optimized
by the finite element algorithm. Finally, main parameters are
considered after the optimization process.
171747
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FIGURE 8. The shape of PM.

FIGURE 7. Five-phase pen-end wingding MDC-AFPMSM structure.

A. DIMENSION

If the electric loading at the average diameter of stator Aav
is considered, the electromagnetic power (Pem ) of the disc
PMSM can be obtained by [15]
Pem = EI η


π2
=
nBδav Aav D2mo − D2mi (Dmo + Dmi ) (2)
480
where E is electromotive force effective value, I is current
effective value, η is the efficiency of machine, Bδav is the
average value of air gap flux density under one pole pitch,
Dmo is outer diameter of PM, Dmi is inner diameter of PM.
Using (2), it can be written as:
D2av Lef n
6.1 × 104
60 × 104
=
= 2
Pem
Bδav Aav
π Bδav Aav
Then the power per unit volume can be obtained by
Pem
Pem
P
=
V
πDav Lef
h


Dav
π
nBδav Aav P
× 10−4
=
120
h

(3)

(4)

where Dav is the average diameter, Dav = (Dmo + Dmi )/2,
L
Pef is the effective length of armature winding conductor,
h is the total axial length of machine. As can be seen,
the power per unit volume of the disc PMSM is directly
proportional to the average diameter of the armature and
inversely proportional to the total axial length.
The main dimensions of the machine can be calculated as:
Lef
Dmo − Dmi
γ −1
=
=
(5)
Dav
Dmo + Dmi
γ +1
where γ = Dmo /Dmi is the ratio of outer diameter and inner
diameter of PM.
Considering the maximal constraints based on (5), it can
get as:
√
Dmo
γ =
= 3
(6)
Dmi
The diameter ratio of the disc PMSM is between 1.5 and 2.2.
Considering the leakage flux and edge effect, the diameter
ratio is selected as 1.8.
171748

FIGURE 9. Flux density versus different pole arc coefficient.

B. ROTOR

The selection of PM material is very important during the
machine design process. It needs to meet some requirements,
such as good mechanical property, easy to process, low cost,
and so on. Moreover, the better magnetic performance can
provide corresponding magnetic flied intensity. Due to the
large equivalent air gap length of disc coreless machine, high
performance PM with high air gap flux density is needed. NdFe-B material not only has good mechanical properties and
low cost, but also has high remanence density and coercivity.
The brand N38 with 1.24 A/m remanence density, 955 kA/m
coercivity and 1.033 relative permeability is considered in
this article.
The THD of air gap flux density, the waveform of backEMF, torque and loss are affected by the shape of PM.
The PMs of the most AFPMSM adopt sector or cylindrical
structure. In addition, the fan-shaped PM has higher space
utilization than cylindrical PM. The fan-shaped PM is shown
as Figure 8.
The finite element model of permanent magnet with different pole arc coefficients is established. Figure 9 shows the
air gap flux density along the radius. The air gap flux density
with pole arc coefficient from 0.57 to 0.83 is fully analyzed
by Fourier transform. The results show that the fundamental
amplitude of air gap flux density is changed little, but the
THD of the air gap flux density is variable under different
pole arc coefficients, as shown in Figure 10.
It can be seen from Figure 10 that with the increase
of pole arc coefficient, the THD of air gap flux density
decreases firstly and then increases gradually. When the value
of pole arc coefficient is 0.81, the THD is only 0.33% and
VOLUME 8, 2020

X. Wang et al.: Fault-Tolerant Analysis and Design of AFPMSM With Multi-Disc Type Coreless Open-End Winding

flux density decreases firstly and then increases gradually.
The minimum value of THD is 0.28% when the both-side
yokes are selected 5 mm. As can be seen from Figure 11(c),
air gap flux density changes very little. The THD change
trend is similar as those of both-side yokes. The minimum
THD value is 0.29% when the middle yoke thickness is
7.5 mm. Therefore, the middle yoke thickness is considered
as 7.5 mm in this article.
D. STATOR
FIGURE 10. The THD of different pole arc coefficient.

FIGURE 11. Yokes: (a) okes distribution, (b) lux density along
differentboth-side yoke thickness, and (c) lux density alon different
middle yoke thickness.

The winding of disc coreless permanent magnet synchronous
machine is wound winding, which is fixed by epoxy resin
without magnetic conduction. Therefore, there is no stator
core in this kind of machine, and the arrangement of winding
is not limited by cogging torque [16]. These features can
reduce the weight of stator, which can reduce some eddy
current loss and hysteresis loss.
Laminated windings and non-laminated windings are
widely used. The winding arrangement of non-laminated concentrated winding is not coincident with each other and close
to each other. According to the existing technique, the copper consumption of non-overlapping concentrated winding is
15% less than that of laminated winding. In addition, the THD
of the back EMF with non-laminated concentrated windings
is much more significant than that of machine with the laminated windings [11]. Concentrated windings can reduce the
amount of end winding of iron core, and increase the utilization of material and space. Therefore, the non-laminated
concentrated winding is considered in this article.
The number of coils per layer is Z0 /2, and the number of
coils per phase nc = Z0 /(2 m), where Z0 is the number of
stator slots, m is the phase number. If the number of coils per
layer is Z0 , it will get nc = Z0 /(m).
Then, the number of slots per pole can be expressed as:

the waveform is pretty sinusoidal. Therefore, the pole arc
coefficient is finally considered as 0.81 in this article.
C. YOKE

The leakage flux distribution of disc machine is complex.
Unlike conventional disc machine, the leakage flux of the
disc coreless machine is mainly composed of two parts: one
is the leakage flux φ1 on the back of two permanent magnets,
the other is the leakage flux φ2 between the two adjacent
poles. In general, φ1 is affected by the yoke thickness. The
yoke thickness not only meets the air gap magnetic field
requirements, but also considers the saturation of the yoke.
The yokes of this machine is composed of both-side yokes
and middle yokes, as shown in Figure 11(a). In order to get
the most suitable yoke thickness, the air gap flux density
of the machine with different yoke thickness is analyzed by
the finite element algorithm, as depicted in Figure 11(b) and
Figure 11(c).
As shown in Figure 11(b), the air gap flux density changes
little along with the increasing of the thickness of the
both-side yokes. On the other hand, the THD of the air gap
VOLUME 8, 2020

Q1 =

Z0
2p

(7)

The number of slots per pole per phase can be calculated
from:
q1 =

Z0
2pm

(8)

The number of conductors per coil of single-layer winding
can be decided by
Nc =

αp αω N1
αp αω N1
=
nc
pq1

(9)

where N1 is the turns in series per phase, αP the parallel
branches, and αω is the parallel conductors.
E. MAIN PARAMETERS

According to the design requirements, one five-phase MDCAFPMSM with 800 W power and 3000 r/min rated speed
is designed. Table 1 depicts main specifications of the
MDC-AFPMSM.
171749
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TABLE 1. Main specifications of the MDC-AFPMSM.

FIGURE 13. Flux density cloud picture.

FIGURE 14. Flux density vector diagram.

FIGURE 15. Back EMF: (a) aveform and (b) ourier analysis.

FIGURE 12. Flux density: (a) ir gap distribution, (b) ircumferential flux
density, an (c) xial flux density.

IV. MACHINE PERFORMANCE ANALYZE

The flux density of the MDC-AFPMSM is analyzed by the
finite element algorithm, as shown in Figure 12.
The air gap A, B, C, D and E are shown in Figure 12(a).
Figure 12(b) shows circumferential flux density at average
radius. The transverse axis in Figure 12(b) is the arc length,
and the longitudinal axis is the radial magnetic density at the
corresponding arc length. The waveform of circumferential
air gap flux density is very close to sinusoidal. The axial
air gap magnetic field along the radial direction, starting at
20 mm from the center of the circle and ending at the position
60 mm away from the center of circle, is depicted in Figure 12(c). The longitudinal axis is the axial magnetic density
at the corresponding radius. The flux density decreases sinusoidally from the center of the PM to all directions, as shown
in Figure 12(c).
As described earlier, the flux density of the air gap length
A, B, C, D, and E under no-load condition is about 0.9 T,
171750

FIGURE 16. Torque characteristics under rated condition.

which shows that the PM can work near the point with
maximum magnetic energy product. As shown in Figure 13,
the maximum flux density is red on the yoke. In addition,
the magnetic flux density decreases gradually from inside to
outside along the radius. The arrows in Figure 14 show the
direction of the machine main flux loop.
In Figure 15, based on finite element algorithm, the results
of no-load back-EMF are shown by the solid lines.
Figure 15(a) shows the no-load back-EMF waveform of five
channels at the rated speed of 3000 r/min, and the amplitude
VOLUME 8, 2020
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is about 198.39 V. Figure 15(b) shows the Fourier analysis.
The back-EMF of five windings is in the same phase, and the
amplitude is equal within the allowable error range.
The waveform of torque is shown in Figure 16. The average
torque is about 2.79 Nm, the maximum and minimum torque
is 2.95 Nm and 2.62 Nm, respectively, and -the torque ripple
is 11%.
V. FAULT TOLERANCE ANALYZE

The MDC-AFPMSM not only possesses strong overload
capacity and small torque ripple, but also gets strong physical
isolation, magnetic isolation, thermal isolation and electrical
isolation.
In the proposed five phase MDC-AFPMSM with open-end
windings, each phase armature winding of the five phase is
differed by 72◦ . Moreover, terminals are led out respectively
to form five independent channels and the channels are physically isolated. The five channels share one main flux loop, but
the large air gap and the magnetic isolation effect of the middle rotor can reduce the electromagnetic coupling between
the channels. Each phase winding can adopt H-bridge inverter
based driver, which suppresses the ill influence of fault relative to normal phase. It can get the electrical isolation function
between each phase winding [18].
The stator disc in the MDC-AFPMSM is only wounded
with one-phase concentrated winding, while the traditional
distributed winding inevitably leads winding contact. Due to
the winding contact short circuit, the two-phase winding will
fail at the same time. Furthermore, once one-phase winding
happens short-circuit, the heat generated by the phase winding is transferred easily to the other coil. And then the normal
phase winding insulation life is affected. Therefore, the winding contact short-circuit fault is one of the most serious faults.
It is useful to avoid the physical contact between the winding
and short-circuit by the adopted concentrated winding with
one-phase.
In order to verify the fault tolerance of the machine,
the fault-tolerant control algorithm is not considered in this
article.
A. OPEN CIRCUIT FAULT

It is assumed that phase-A winding suffers open-circuit fault,
and the machine changes from five-phase operation to fourphase operation. The torque of the machine is analyzed by
finite element algorithm, as shown in Figure 17. The average
torque is 2.25 Nm and the ripple of the torque is 60%. The
fault torque decreases 19.35% compared to the torque in normal state. The machine can still work reliably until the fault
is removed in a short period of time after phase-A winding is
open-circuit. Similarly, the phase-A and B windings are both
assumed open-circuit fault, and then the five-phase operation
changes to three-phase operation, as depicted in Figure 17.
From the simulation result, the average torque is 2.17 Nm,
which decreases 22.2% compared to that of normal state and
the torque ripple is 85%. Fortunately, the machine can still
work reliably until the fault is removed.
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FIGURE 17. Torque characteristics during open-circuit.

FIGURE 18. Torque characteristics during short-circuit.

B. SHORT CIRCUIT FAULT

The machine adopts phase to phase isolation topology so that
no phase to phase short-circuit fault suffers in this machine.
The most common fault is the internal short-circuit fault in
the machine. When the phase-A winding is all short-circuit,
the average torque of the machine is 2.25 Nm, which is
reduced 19.35% compared with normal state torque. In addition, the torque ripple is 60% by the finite element algorithm,
as shown in Figure 18. From the results, the machine can still
work reliably until the fault is removed. Moreover, phase-A
and B windings short-circuits are assumed to suffer simultaneously, in which the average torque is 1.75 Nm and the
torque ripple is 59%. The fault torque is 37.2% smaller than
the normal state torque. In the same way, the machine can
still work dependably until the fault is removed. The result is
depicted as Figure 18.
The current will increase when all internal coils of phaseA winding suffers short-circuit. The armature reaction is produced due to the increased current. In order to study whether
the larger current affects the machine magnetic circuit or not,
the air gap flux density of the phase-A winding is analyzed by
using the finite element algorithm, as shown in Figure 19. The
air gap flux density of the machine has almost no change by
Fourier analysis. Therefore, from the aforementioned results,
the flux density of the machine is almost not affected when the
phase-A winding internal coils are all in short-circuit. By full
investigation, this result is due to the mild armature reaction
caused by the large magnetic resistance of coreless machine.
When the internal coils of phase-A and B windings are
all in short-circuit, the greater current will be generated. The
air gap flux density of phase-A and B is analyzed by finite
171751
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FIGURE 19. The flux density of hase-A winding durin short-circuit.

FIGURE 20. hort-circuit flux density of phase-A and B windings.

element algorithm, as depicted in Figure 20. The flux density
of the normal phase is very little affected when the internal
coils of phase-A and B windings are all in short-circuit, which
thanks to the high magnetic resistance of the machine.
VI. CONCLUSION

In this article, a multi-disc coreless axial flux permanent
magnet synchronous machine (MDC-AFPMSM) with N
pole and S pole type series magnetic circuit and openend winding is proposed for high reliability applications.
A multi-objective optimization function is driven for the
AFPMSM design. Moreover, a full detailed design procedure for AFPMSM has been introduced in this article. The
flux density, back-EMF, torque and fault tolerance of the
AFPMSM are studied using 3D finite element algorithm so
that its functionality is substantiated. Comprehensive simulation results have fully demonstrated that the MDC-AFPMSM
has advantages of reliability, mild armature reaction, simple construction, which is very attractive for the industrial applications with requirements of strong fault-tolerant
ability.
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